We report an innovative approach for beam shaping of edge-emitting semiconductor diode lasers using a single double-axial hyperboloidal micro-lens fabricated with femtosecond laser direct writing technology. The two hyperboloids of different axial lengths focus the light from fast and slow axes to an identical focal spot. The divergence angles were shaped from 60°and 9°to 6.9 and 32.3 mrad, respectively, and the single-end fiber coupling efficiency is measured higher than 80%. The device is simple in fabrication, robust in structure, and easy for operation, by which multiple reflections and absorptions at interfaces are reduced, and assembly errors are minimized.
Semiconductor diode lasers have been applied in broad industrial fields from fiber-optical communication to laser fabrication [1] [2] [3] due to their advantages of small size, easy integration, high efficiency, long lifetime, and relatively low cost [3, 4] . Edge-emitting semiconductor diode lasers (EESDL) are particularly promising in laser material processing and laser fabrication because of their high output power and high reliability. While a major drawback that is hindering their current application is the poor output-beam quality [5] [6] [7] , i.e., the large and asymmetric output-beam divergence angles, generally 30°-60°for fast axis and 10°-15°for slow axis directions. This is undesirable when high-quality laser processing and laser micro-nanofabrication are pursued, for which mode quality becomes an essential factor [8, 9] . Over the past decades, many research efforts have been devoted to beam shaping of diode lasers, and various technologies have been proposed including a stepped reflecting mirror by Ehlers et al. [10] , gradient index lens by Yamaguchi et al. [11] , two reflective mirrors by Clarkson and Hanna [5] , internal reflection prism by Wang et al. [12] , diffractive optics by Skeren et al. [13] , and refractive-diffractive hybrid lens by Pawlowski et al. [14] . Despite the fact that significant progress has been achieved because of the pioneering works, most of these technologies involve usage of a complicated set of optical components, for example, the combination of two orthogonal cylindrical lenses, each responsible for beam shaping along an axis. Assembling error and system instability is therefore inevitable, and the output energy is reduced due to multiple reflection, scattering and absorption at components surfaces and interfaces, and wavefront divisions degrades the beam quality. These remaining technical challenges call on simple, integrated, stable, and efficient optical shaping components.
We solve this problem in this Letter by a single doubleaxial hyperboloidal micro-lens, whose surface profile is defined by two hyperboloids. A hyperboloidal lens profile was adopted here because of its intrinsic capability to eliminate spherical aberration [15] . The axial length of each hyperboloid is customized according to individual diode lasers. Experimentally, the complicated lens structure was realized by femtosecond laser direct writing, a technology known for its unique high-precision threedimensional (3D) prototyping capability [16] [17] [18] [19] .
The divergence angles of the output beam from an EESDL were different in the directions of vertical and parallel to junction plane [ Fig. 1(a) ], around 60°and 10°, and the associated directions are termed as fast axis and slow axis, respectively. This is easily manifested from the photograph of the light spot obtained 5 cm from the emitting surface of an 808 nm diode laser [ Fig. 1(b) ]. The divergence results from the rectangular side light emission window, which is defined by tens of nanometers of quantum well active layer (vertical direction) and several micrometers of light confined region width (lateral axis). This leads to different beam waist positions of fast axis and slow axis inside the laser cavity [ Fig. 1(c) ], i.e., intrinsic astigmatism exists in the output beam. In the fast axis direction, the output beam exits in single mode and the beam waist is positioned near the emitting surface. While in the slow axis direction, the output beam takes the form of multiple mode and the beam waist is far from the surface [ Fig. 1(c) ]. Since the difference of the focal lengths from the two axes is basically equal to the distance between the two beam-waist positions, we calculate the latter for proper lens design. Considering the relationship of the divergence angle and the beam waist, and following the propagation law of Gaussian beam, we have
The inter-beam waist distance is calculated to be Δz 120 μm with experimentally measured values of θ 0 60.2°and ω z 1.5 μm for fast axis, θ 0 9.3°and ω z 10 μm for slow axis, and λ 808 nm. The focal lengths of the two hyperboloids are therefore set to f ox (fast axis) and f oy f ox 120 μm. In order to determine the absolute value of f ox , two factors have to be considered, the lens divergence capability and the spot size. Larger focal length benefits reduction of the beam divergence, while it demands larger distance from the emitting surface to the shaping lens and therefore a larger light spot size. For separated diode laser beam shaping, the light spot area is not limited, while for a diode laser array, the inter-diode laser distance restricts lenslets distance and spot size. Since the ultimate goal of our research is a micro-lens array for beam shaping of a diode laser array, the beam spot size has to be chosen smaller than the lenslet space, at a level of hundreds of micrometers. Experimentally it is chosen as f ox 200 μm and f oy 320 μm.
We fabricated the special 3D shaped lens using femtosecond laser-induced two-photon polymerization of photoresists, a technology that has been successfully employed in producing micromechanical and optical microstructures [20] . Femtosecond laser pulses of a wavelength of 800 nm with a pulse width of 120 fs, mode locked at 82 MHz (from Tsunami, Spectra-Physics), were focused by a high numerical aperture objective lens of NA 1.4. The laser beam was scanned with a twogalvano-mirror set along the horizontal plane, and along the optical axis by a piezo stage, both with motion accuracy of 1 nm [21, 22] . The photoresist samples were prepared by spin coating SU-8 films on a glass slide that was cleaned with acetone and absolute ethanol. The photoresist embedding the laser written structures was to be rinsed by the developer for 10 min so that the unpolymerized photoresist would be removed, leaving a solid skeleton.
The appearance of an experimentally produced double-axial hyperboloidal micro-lens was shown in Fig. 2 . An elliptical cross section in the lateral direction is recognized from the top-view scanning electron microscopic (SEM, JSM-7500F, JEOL) image [ Fig. 2(a) ], showing the axial lengths of two hyperboloidal microlenes, 400 and 340 μm. The lens height that is commonly shared by the two hyperboloids is 139 μm [SEM side view, Fig. 2(b) ]. In order to quantitatively examine the surface profile, a laser scanning confocal microscope (LSCM, OLS3000, EVC electronic) was utilized. The vertical cross section along the fast axis direction is shown as Fig. 2(c) , while Fig. 2(d) is the cross-sectional profile along the slow axis direction. Judging from the above data extracted from the synthesized 3D digital images, the maximal deviation of the experimental structure from the theoretical design is less than 1%, if the deviation is defined as (H exp − H des ∕H des , where H exp and H des denote experimentally attained and theoretically designed heights of an identical surface pixel of the lens. These results demonstrate that the digital lens model has been faithfully converted to matter structure by femtosecond laser direct writing.
The lens works by simultaneously reducing the beam divergence angles in both the fast and slow axial directions. Since the beam waists in these two directions are not spatially overlapped, but spaced on the optical axis normal to the emitting surface of an EESDL by a certain distance, two lenses are generally needed. Each is responsible for compensating the divergence in a direction. Here, the double-axial hyperboloidal micro-lens possesses two focal spots, which are able to be adjusted to overlap the two beam waists simultaneously. Therefore, beam shaping in two directions was fulfilled by a single lens. By fixing the lens to the EEDSL and aligning it, we reduced the 12 parameters (the conventional double cylindrical lens system) for fixing the relative positions of three 3D objects, here the EEDSL and two lenses, by 50% since a single lens is adopted here. In detail, the lens was fixed on a turn table (accuracy 0.873 mrad) that was rotatable about the optical axis. Then, the turn table was fixed on a displacement platform (accuracy 2 μm). Finally, the lens gradually approached the emitting surface of the EESDL to determine the optimal position by monitoring the variation of light power behind the lens. Shown in Figs. 3(a)-3(c) are three light spot images that were taken at different positions along the optical axis as shown in Fig. 3 . The distance for each adjacent spot is 60 μm. The detector was first placed near the lens surface and then drawn away along the optical axis. The light was first focused at the fast-axis direction [ Fig. 3(a) ], and then the slow-axis focal spot was met [ Fig. 3(c) ]. Figure 3(b) was taken between these two positions. The shaping affect has been confirmed by ray-tracing calculation [ Figs. 3(d)-3(f) ]. The dashed lines denote the shaping lens orientations. From  Figs. 3(a)-3(c) , the focal lengths of the two axes are calculated to be identical to the designed values, 200 and 320 μm, with a measurement error range of 5%.
Since the output performance is device-dependent, the laser nanofabrication technology allows for personalized design and fabrication for individual shaping devices, for which its working parameter should be known beforehand [23, 24] . The shape and energy distribution of light intensity were measured and then analyzed by an optical software, BeamGage. Figure 3(g) shows the original laser spot emitted from the EESDL, 5 cm from the emitting surface. The significant beam divergence as indicated by the oval light-spot shape is visible. The light-spot shape becomes almost a circle at positions of 15 [ Fig. 3(h) ] and 25 cm [ Fig. 3(i) ] away from the emitting surface because of the divergence compensation by the lens. The energy distribution is more concentrated than the original light spot. Using the far-field divergence angle formula
we obtained the divergence angles of the fast and slow axis of 6.9 and 32.3 mrad, respectively. These values are close to a theoretical prediction for transformationlimited beams. As a theoretical proof, we calculate the far-field distance (measured from the emitting surface)-dependent beam spot diameters and beam divergence angles in two directions [ Fig. 4(a) ]. At a position of 200 μm, spot sizes are 16.1 and 104.7 μm in slow and fast axis directions. Both are 2/3 smaller than the lens axis lengths, which ensures that almost all of the incident light passes through the shaping micro-lens. This implies that the length-focal-length design is appropriate for reducing energy waste and improvement of the shaping efficiency. Fiber coupling of the shaped laser beam is one of the important steps toward high-power laser applications. To reach this end, we tested the fiber coupling efficiency. The diameters and refractive index of the core (cladding) are 10 μm (125 μm) and 1.448 (1.444), respectively, and NA 0.107. In case of direct end-fire coupling without focusing, the power collected by the detector is always less than 5 mw and it rapidly decreases to nearly zero as expected [ Fig. 4(b) ]. In contrast, when the shaping lens is properly positioned between the laser and the fiber tip, the maximum single-end coupling efficiency reaches 89% and it maintains at a level of 80%, even if the space increases to centimeter order [ Fig. 4(b) ]. In this way, the Fresnel reflection has been considered. The reflectivity of the end facet is R 3.35% according to the Fresnel reflection formula. For the efficiency calculation, the loss generated by the propagation of light in optical fiber was neglected. As shown in the inset of Fig. 4(b) , the power incident on the fiber is P 2 , and the power inside the fiber is P 3 . P 3 is obtained according to the relation P 4 P 3 1 − R since P 4 is directly read from the power meter (detector). The coupling efficiency is defined as P 3 ∕P 2 . The high-coupling efficiency means the laser light output from the shaping lens is well aligned and the divergence is sufficiently small.
In summary, we report in this Letter an innovative single-lens approach for laser beam shaping of EESDL. The greatly and asymmetrically divergent output beam from the fast and slow axis directions was focused into an identical focal spot because the double-axial hyperboloidal micro-lens works in two separated focal lengths. Such simple, robust, low-cost devices are feasibly produced and provided in a customized manner, showing its promising perspective in a high-power diode laser and diode laser array applications.
